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Genetic selection of short peptides that support protein
oligomerization in vivo
Zhiwen Zhang*†, Anne Murphy*, James C. Hu‡ and Thomas Kodadek†
An important goal in protein engineering is to control
associations between designed proteins. This is most
often done by fusing known, naturally occurring
oligomerization modules, such as leucine zippers [1–3],
to the proteins of interest [4–6]. It is of considerable
interest to design or discover new oligomerization
domains that have novel binding specificities [7–11] in
order to expand the ‘toolbox’ of the protein engineer
and also to eliminate associations of the designed
proteins with endogenous factors. We report here a
simple genetic selection scheme through which to
search libraries for peptides that are able to mediate
homodimerization or higher-order self-oligomerization
of a protein in vivo. We found several peptides that
support oligomerization of the λ repressor DNA-binding
domain in Escherichia coli cells, some of them as
efficiently as the endogenous dimerization domain or
the GCN4 leucine zipper. Many are very small,
comprising as few as six residues. This study strongly
supports the notion that peptide sequence space is rich
in small peptides, which might be useful in protein
engineering and other applications.
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Results and discussion
We have designed a genetic selection scheme for peptides
that mediate oligomerization of a heterologous protein in
vivo. The method is a derivative of a system developed by
Hu and coworkers [12–19] to probe the effect of leucine
zipper mutations. It takes advantage of the fact that a
λ repressor fragment lacking the native carboxy-terminal
dimerization domain binds poorly to DNA and fails to
repress transcription in vivo, but that high-affinity binding
and efficient repression can be reconstituted by fusing to
the DNA-binding domain (DBD) [20] a heterologous
dimerization element, such as a leucine zipper. To adapt
this system for searching peptide libraries for functional
oligomerization peptides, we used the strategy shown in
Figure 1. 
A small library of about 50,000 clones was constructed at
the DNA level by inserting yeast genomic Sau3A1 frag-
ments into an expression vector downstream of a region
encoding the repressor DBD. Expression of the fusion
proteins was under the control of the uninduced lac pro-
moter. It is essential not to induce the promoter, because
the repressor DBD can self-associate very weakly, which
results in unacceptable background when it is expressed
at high levels. The yeast DNA fragments encode peptides
of varying sizes, with an average length of approximately
30 residues (an estimate based on the expected frequency
of Sau3A1 sites and stop codons in the yeast genome).
Because we did not use directed cloning to insert the yeast
DNA into the expression vector, more than 85% of the
peptides expressed should correspond to sequences that
are not part of the yeast proteome; two-thirds will be out
of frame and half will be inserted ‘backwards’.
The library of transformed cells was grown to early log
phase and then challenged with phage λ mutants in which
the cI (repressor-encoding) gene had been deleted. Bact-
eria containing a functional repressor DBD–peptide fusion
protein grow under these conditions, because phage gene
expression is repressed in these cells. Cells lacking a func-
tional repressor fusion protein are killed. This assay was
carried out twice using different amounts of phage (a mul-
tiplicity of infection (MOI) of 2 and 10, respectively) to
determine whether this affected the stringency of the
selection. Survivors were plated to obtain single colonies,
the plasmids were isolated, and the peptide-encoding
region of the DNA was sequenced. The inferred amino-
acid sequences of the peptides that allowed survival in the
face of λ infection are shown in Table 1. Under the condi-
tions we used, bacteria transformed with the parent
pHA391 vector lacking fused yeast sequences, in a mock
selection experiment, produced no highly λ-resistant
colonies. Subsequent tests also eliminated the possibility
of false positives that were due to non-plasmid-dependent
mechanisms and to overproduction of the DBD–peptide
fusion protein (see Supplementary material published
with this article on the internet). 
Our selection screen identified 14 different peptides that
substituted for the native repressor dimerization domain
in vivo. Given that the library contained about 50,000
clones, this indicates that at least 1 in every 3,600 peptides
in the library can act as a homo-oligomerization domain, at
least in this context. To quantitate the efficiency of the
selected peptides in reconstituting repressor activity in
vivo, a series of reporter gene experiments was conducted.
The strain we used, JH372, has an integrated lacZ gene
regulated by a promoter with a single high-affinity opera-
tor site [12]. Cells freshly transformed with the plasmids
expressing the various fusion proteins that conferred
phage resistance were grown to mid-log phase and the
level of β-galactosidase activity was measured. As controls,
the β-galactosidase levels in cells that express the native
repressor, the repressor DBD fused to the dimeric GCN4
leucine zipper, the repressor DBD alone, and several
repressor DBD–peptide fusion proteins that had been
picked randomly from the library (that is, not selected for
conferring phage resistance) were also measured
(Figure 2). As can be seen in Figure 2a, the fusion proteins
that conferred phage resistance also reduced lacZ tran-
scription, with levels of repression ranging from 54% to
98% (POP indicates ‘putative oligomerizing peptide’).
The fusion proteins obtained in the selection experiment
using a higher phage titer (POP-2 series) were uniformly
excellent repressors, while those obtained in the selection
using a lower phage titer (POP-1 series) were more vari-
able, as might have been expected. 
The level of repression mediated by the best of the repres-
sor DBD–peptide chimeras compared favorably with the
activity of the native λ repressor and a chimera containing
the repressor DBD and the leucine zipper dimerization
region of the yeast GCN4 protein [12,21]. As expected, the
random unselected fusion proteins did not repress lacZ
transcription efficiently, with levels of repression ranging
from 0% to 22% relative to the control cells lacking any
fusion (Figure 2b; UP represents ‘unselected peptide’). In
no case were these values significantly greater than that
obtained with the repressor DBD alone. An important
caveat in comparing the selected DBD–peptide fusion
proteins to native repressor or the DBD–GCN4 zipper
protein quantitatively is that we cannot rule out the possi-
bility that they are present at somewhat different levels in
vivo. Unfortunately, the antibodies available against the
repressor DBD are not sensitive enough to allow quantita-
tion of low levels of these proteins in crude extracts.
The apparent efficiency with which some of the selected
peptides function as a homo-oligomerization domain is
remarkable given the modest size of some of them. Pep-
tides POP-2-1, POP-2-2, POP-2-4, POP-2-5 and POP-2-6,
for example, consist of only 7, 16, 11, 12 and 12 residues,
respectively. In the absence of biochemical studies we
cannot, of course, state unequivocally that these peptides
reconstitute repressor activity by self-associating with one
another, though this is the simplest explanation. It is possi-
ble that a selected peptide could reconstitute repressor
DBD dimerization by some indirect mechanism, perhaps by
binding to an oligomeric E. coli protein that forms a bridge
between repressor DBDs. The purpose of this study was to
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Schematic representation of (a) the method used to construct the
library of plasmids encoding repressor DNA-binding domain
(DBD)–peptide fusion proteins (our unpublished data), and (b) the
selection scheme used to identify peptides that can substitute
functionally for the carboxy-terminal dimerization domain of λ repressor.
Only if the library-encoded peptides homo-oligomerize, or somehow
otherwise reconstitute oligomerization of the repressor DBD, can the
cells grow in the presence of lethal levels of bacteriophage λ and show
high levels of β-galactosidase activity. RNAP, RNA polymerase; Plac,
lac promoter; AmpR, ampicillin resistance gene; colE1 ori, origin of
replication; STOP, translation termination codon.
find peptides that substitute functionally for the native
repressor carboxy-terminal oligomerization domain, so the
mechanism by which they function is of secondary impor-
tance. From a biochemical point of view, however, it would
be interesting to evaluate these peptides biophysically in
the future in order to determine whether they indeed self-
associate and, if so, the structural basis of selective binding.
As the sequence of the entire Saccharomyces cerevisiae
genome is known, it was possible to determine whether the
peptides isolated from this selection correspond to frag-
ments of known or suspected yeast proteins. As shown in
Table 1, the DNA sequence of the POP-encoding region
suggests that most of the peptides that reconstituted repres-
sor activity are unnatural. Only two peptides, POP-1-2 and
POP-2-7, contained residues corresponding to fragments of
known or suspected yeast proteins. In addition, it was not
completely clear from the genomic sequencing data
whether POP-1-4, POP-1-7, POP-2-4 and POP-2-6 rep-
resent naturally occurring peptides. Of the 14 selected 
peptides, 8 appear to be outside of the sequence space rep-
resented by the yeast proteome, because they are encoded
by DNA fragments of known genes or suspected open
reading frames that had been inserted into the expression
vector out of frame or in the reverse orientation. We cannot
completely eliminate the possibility that a frameshift could
have occurred during translation of the out-of-frame
sequences, thus creating a fragment that is part of the yeast
proteome, though this seems unlikely. A BLAST search of
the available database for all organisms failed to reveal any
matches to the sequences encoding these eight POPs.
It may seem surprising at first that ‘unnatural’ sequences
that are able to support a biological function in vivo are so
common, but others have reached similar conclusions using
very different assays. Sauer and Davidson [22], for example,
searched a constrained library of 80–100-amino-acid pro-
teins, comprising mainly glutamine, leucine and arginine,
for molecules that folded in a well-defined fashion and
could be expressed at detectable levels in E. coli.
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Table 1
Peptides isolated from the  genetic selection for reconstitution of repressor function.
Peptide Linker Library-encoded sequence Presence in Comments
yeast proteome
POP-1-1 ypydvpdya SGSGTSALKAKDRRNCQAKLIQRTGCHHRKVSHR – Out-of-frame DST1
POP-1-2 ypydvpdyard QETPNEDFKNELANVIKERDEFKTQYDTLLSKISSMKSIF + RUD3 fragment
NKMKEAQKQLEEVQEQLTEYESQNLKLKKKLEATKTENSE
LQSTIVTLNTELENLEKEQESTEEVFLEYESRIEALEDEK
HDIIEKHSKELNTYRKEKdpaankarkeaelaaataeq
POP-1-3 ypydvpdyard RVSELSKE – Non-coding strand of
hypothetical ORF
POP-1-4 ypydvpdyatgs PERAKTSKEQEINAETLQWKTNKA ? No annotation
POP-1-5 ypydvpdyard PRFPLPLRPPLHFLPRHHCHCHCHFHFRCRCRCRCCFHCR – Non-coding strand of
CRCLRLHRYCHPRFRLH hypothetical ORF
POP-1-6 ypydvpdyard QFSKIDTVLNAIEAEQAEFRKKESETLKELSDTIAELKQA – Non-coding strand of
LVQTTRSREKI hypothetical ORF
POP-1-7 ypydvpdtlgi KEKLIA ? No annotation
POP-2-1 ypydvpdyags GKGRNFG – Out-of-frame SGS1
POP-2-2 ypydvpdyard HNVWMLGQMFDLDRWS – Non-coding strand of
hypothetical ORF
POP-2-3 ypydvpdyags ILGSMKIGINAITKPKPPLLIEKSKSMRQVQKSRMV – Out-of-frame in hypothetical ORF
POP-2-4 ypydvpdyard HIIQVDTYLKI ? No annotation
POP-2-5 ypydvpdyatgs NNCLGQGNYFQI – Out-of-frame in hypothetical ORF
POP-2-6 ypydvpdygi ITPYCLRKEIPS ? No annotation
POP-2-7 ypydvpdyard PALRADGNFSNLFAKENVGQKVLKKIrlltkperklswllpplsnn ? In-frame fragment of 
hypothetical ORF
Capital letters represent amino acids encoded by yeast DNA.
Lowercase letters indicate amino acids encoded by vector DNA. Due
to unanticipated cloning artifacts, not all of the functional
repressor–peptide chimeras had the flu epitope (YPYDVPDYARD)
encoded into the parent construct. The sequence of this region of the
fusion protein is therefore also given because it could be involved in
oligomerization. ORF, open reading frame. Comments refer to the
results of a database search.
Remarkably, approximately 5% of the proteins in this
library, all of which were also outside of biological sequence
space, represented folded proteins. Furthermore, a recent
search for mutant PDZ domains with novel peptide-binding
specificities found that their frequency in libraries of ran-
domized PDZ-like polypeptides is approximately 1 in
25,000, within an order of magnitude of what we see in this
study, about 1 in 3,600. Taken together, these studies may
have interesting evolutionary implications. The surprisingly
high frequency of functional peptide or polypeptide frag-
ments in random libraries suggests that it could have been
relatively easy for small domains that could fold and interact
with other polypeptides to arise during evolution of the
large and complex ‘protein machines’ [23,24] that mediate
most important physiological processes in modern organisms.
Supplementary material
Additional discussion is published with this paper on the internet.
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Figure 2
Quantification of the degree of repression of reporter-gene expression
that is supported by various repressor DBD–peptide fusion proteins in
E. coli. The reporter gene was integrated into the bacterial chromosome
and had a single high-affinity operator site overlapping the promoter. All
repressor–peptide fusion proteins were expressed from the lac promoter
under non-inducing conditions. (a) ‘Putative oligomerizing peptides’
(POPs) from the two selections (gray bars) and controls (black bars). The
fusion proteins isolated from the two selections conducted at different
multiplicities of infection (MOI) are designated the POP-1 series (MOI of
2) and the POP-2 series (MOI of 10), respectively. ‘None’ denotes a
repressor DBD and linker with no yeast-encoded sequences fused to
them. ‘Native’ denotes the wild-type repressor. (b) Fusion proteins picked
randomly from the library (‘unselected peptides’ or UPs) and controls.
Note that the data are provided in terms of percentage repression.
Therefore, the largest bars represent the best repressors. All of the data
were normalized to the level of β-galactosidase activity observed when no
repressor fusion protein was present (0% repression). 
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